Ultraviolet radiation (UVR) exposure has been inversely associated with Hodgkin lymphoma (HL) risk, but only inconsistently, only in a few studies, and without attention to HL heterogeneity. We conducted a pooled analysis of HL risk focusing on type and timing of UVR exposure and on disease subtypes by age, histology, and tumor-cell Epstein-Barr virus (EBV) status. Four case-control studies contributed 1320 HL cases and 6381 controls. We estimated lifetime, adulthood, and childhood UVR exposure and history of sunburn and sunlamp use. We used 2-stage estimation with mixed-effects models and weighted pooled effect estimates by inverse marginal variances. We observed statistically significant inverse associations with HL risk for UVR exposures during childhood and adulthood, sunburn history, and sunlamp use, but we found no significant doseresponse relationships. Risks were significant only for EBV-positive HL (pooled odds ratio, 0.56; 95% confidence interval, 0.35 to 0.91 for the highest overall UVR exposure category), with a significant linear trend for overall exposure (P 5 .03). Pooled relative risk estimates were not heterogeneous across studies. Increased UVR exposure may protect against HL, particularly EBV-positive HL. Plausible mechanisms involving UVR induction of regulatory T cells or the cellular DNA damage response suggest opportunities for new prevention targets. (Blood. 2013;122(20):3492-3499) 
Introduction
Classical Hodgkin lymphoma (HL) is a B-cell lymphoma with unusual epidemiologic characteristics. 1 Although rare in most populations, HL is a relatively common cancer of adolescents and young adults, and treatment-related sequelae remain a serious life-long problem. [2] [3] [4] [5] Thus, understanding HL etiology is a worthwhile research endeavor with the goal of primary prevention. Numerous epidemiologic studies have identified a variety of putative risk factors as well as substantial etiologic heterogeneity based on age group at diagnosis, tumor histologic subtype, and the presence or absence of Epstein-Barr virus (EBV) in the malignant Hodgkin/Reed-Sternberg cells. [6] [7] [8] [9] [10] However, the causes of HL remain poorly understood, in part because its low incidence limits the study sample sizes needed for adequate statistical power, particularly for the stratified analyses necessary to accommodate HL heterogeneity. Further, while the presence of EBV in HL tumors in selected patient subsets has been an important etiologic observation, the etiologic role of this virus in EBV-negative HL, which comprises the majority of cases, remains unclear. 7, 9 Ultraviolet radiation (UVR) exposure has been associated with HL risk, albeit inconsistently and based on only a few studies. [11] [12] [13] [14] [15] [16] A large population-based case-control study in Sweden and Denmark detected an inverse association between risk of HL and sunbathing or There is an Inside Blood commentary on this article in this issue.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734. For personal use only. by RAUL RIBEIRO on November 25, 2013. bloodjournal.hematologylibrary.org From sunburn history within the last 5 to 10 years. 11 A recent French casecontrol study reported that having light-colored hair and skin or a high propensity to sunburn-indicators for sun sensitivity and potential avoidance 17 -were significantly associated with increased risk of HL. 13 Similarly, a European case-control study observed a positive association of HL risk with increasing skin sensitivity to sun exposure and a nonsignificant inverse association with more recreational days during childhood and adulthood. 14 No studies have been able to address the role of this common and modifiable behavior in light of the marked heterogeneity of HL. To address this question, we took advantage of an international collaboration under the auspices of the International Lymphoma Epidemiology Consortium (InterLymph) to achieve sufficient numbers of study subjects for meaningful subgroup analyses. We conducted a collaborative pooled analysis of the role of UVR exposure in HL risk focusing on timing and type of exposure and considering epidemiologically distinct disease subtypes defined by age group, histologic subtype, and EBV status of the tumor.
Patients and methods

Study population
Four studies collected data on at least 1 measure of personal UVR exposure and contributed data for this analysis (Table 1) 20 For this analysis, we considered classical HL overall, which includes all histologic subtypes except nodular lymphocyte-predominant HL and comprises the 2 most common subtypes: nodular sclerosis (ICD-O-3 9663/3 to 9667/3) and mixed cellularity (ICD-O-3 9652/3). Three studies characterized tumor EBV status by using standard immunohistochemistry to detect latent membrane protein 1 (LMP-1) and/or Epstein-Barr nuclear antigen or by in situ hybridization for EBV-encoded RNA (EBER) ( Table 1 ). The sources of controls and matching characteristics are described in Table 1 .
All studies obtained informed consent from participants in accordance with the Declaration of Helsinki and ethics approval from their local human research ethics committees; the pooled resource project also obtained ethics approval.
Data collection and exposure definition
Each eligible study provided an electronic dataset containing core subject variables, self-reported measures of personal UVR exposure (sunbathing frequency, sunburn history, vacations/holidays to sunny locations, tanning bed/sunlamp exposure, working time outdoors/outdoor occupation, recreational time outdoors, and use of sun protection), and potential confounding or effect-modifying variables (eg, study site, current socioeconomic status, subject's birth order, day care attendance, history of infectious mononucleosis, pigmentation variables, and cigarette smoking status). Overall UVR exposure was computed as the sum of childhood and adult UVR exposure, except when available data allowed us to include additional lifetime exposure data (eg, the number of times abroad on a sun or beach holiday, as evaluated in SCALE). Variables describing the history of sunburn and the use of a sunlamp/solarium were dichotomized as ever vs never. Childhood UVR exposure (at or before age 20 years) was computed in SCALE, Epilymph, and ELCCS data by summing the non-missing values and creating quartiles for each variable based on available data (eg, hours spent outdoors, hours spent in sun for leisure, or days spent at the water/beach). Because sunlamp users are more likely than nonusers to seek UVR (including sun) exposure, 21 but because sunlamp use was assessed in the contributing studies only as a binary variable, we elevated a subject's assigned quartile by 1 level if that subject also reported using a sunlamp, sunbed, or solarium at or before the age of 20 years (SCALE and ELCCS studies). Adult UVR exposure (after age 20 years) was measured from data provided by all 4 studies in a similar way, averaging measures that were assessed at multiple ages in adulthood.
Statistical analysis
We used a 2-stage estimation method with mixed-effects models, described by Stukel et al, 22 to obtain study-specific odds ratios (ORs) and pooled ORs and 95% confidence intervals (CIs). Since 2 studies (SCALE and Epilymph) were large intercountry efforts that covered study areas of different latitudes, we attempted to better evaluate the impact of between-study variation by producing 2 types of models depending on the definition of study locations. "A" models treated Epilymph and SCALE as single overall studies and adjusted for study location, pooling across 4 study estimates. "B" models treated the 7 study locations of Epilymph and the 2 study locations of SCALE as separate locations, thus pooling across 11 study estimates.
The Stukel approach allows for analysis of each study as originally designed, with study-specific confounder coding. Confounder identification and adjustment procedures were undertaken for each study separately. We used the following criteria, set forth by Rothman et al, 23 to assess a confounding variable: (1) it must be a risk factor for the disease, (2) it must be associated with the exposure, and (3) it must not be on the causal pathway. The first step was to identify variables significantly associated with both outcome and exposure by significance testing with P < .10. The second step was to narrow these variables to confounders that influence the main effect estimates. We used a 10% change in the OR estimate as a criterion to identify confounders that had a large effect on the relationship between the exposure and outcome and that would result in the most parsimonious model. We used a stepwise selection approach, retaining all identified confounders regardless of P value and additional identified covariates that remained significantly associated with the outcome (but not necessarily the exposure) at P < .20 in stepwise modeling. As confounders/effect modifiers, we considered pigmentation variables; education; current or childhood socioeconomic status; number of siblings and birth order; daycare or preschool attendance; body size variables; history of infectious mononucleosis, cancer, or autoimmune disease; and cigarette smoking status. Education for Epilymph and SCALE, a variable combining current socioeconomic status (based on last job held) and education for Engela, and skin pigmentation for Epilymph were included as confounders in final models. The Engela study and 2 centers of the Epilymph study (Germany and the Czech Republic) used individual matching of cases and controls but subsequently analyzed their data ignoring this matching. Because our preliminary analyses for matched and non-matched studies yielded similar results, we opted for non-matched analysis because it provided a larger number of subjects. Data from the ELCCS study allowed us to retain the original individual matching. Effect estimates for each study were obtained by using unconditional logistic models adjusted for age as a continuous variable, sex, and study center for the SCALE, Epilymph, and Engela studies, and conditional logistic models for the ELCCS study.
We used random effects models to quantify between-study variation in effect estimates. The pooled effect estimates were weighted by the inverse marginal variances (ie, the sum of the individual study-specific variances and the variance of the random study effect). Heterogeneity among studies was tested by using the Cochran Q test and the percentage of variation in ORs attributable to heterogeneity between studies (I 2 ).
We used a weighted regression approach to assess trends in the log-odds estimates with continuous values to represent quartiles. We fit a trend to the final pooled estimates and alternatively fit a trend to each study and pooled the trend estimates for 1 analysis (overall lifetime exposure). Because the results were similar, we present the former. The weights were based on the proportionate sample size of the pooled results at each ordinal level.
We produced effect estimates for the 5 measures of UVR stratified by age group at diagnosis and/or interview (age ,40 years, age 40 years and older), sex, tumor histology (nodular sclerosis, mixed cellularity), and tumorcell EBV status (positive, negative). We also conducted analyses separately by control type (hospital-or population-based). We tested for effect modification of HL risk by UVR exposure variation by latitude by stratifying analyses by study location; as an indicator of the potential for skin damage, we used the average yearly erythemal UVR index, a simple measure of the UVR level at the earth's surface. 24 Because the pooled ORs and 95% CIs from both A and B models were consistent for all analyses, we present results only from A models in accordance with the parsimony principle.
To further test hypotheses about etiologic heterogeneity, we performed case analyses to compare exposure-related HL risk across selected histologic subtypes and tumor-cell EBV status. In these comparisons, we adjusted for the same variables as in the case-control analysis. Statistical tests were 2-sided with an a level of .05. All analyses were performed with the openaccess software R.
Results
The pooled dataset comprised study data, including UVR information, from 1320 cases and 6381 controls (Table 1) . Among all subjects, 56% were males, 99.7% self-reported their race as white, and the median age at diagnosis was 39 years. As expected, given that the contributing studies were designed to match controls by age to both HL and non-HL (NHL) cases, HL cases tended to be younger and more highly educated than the controls (data not shown). Tumors had been subtyped as nodular sclerosis (53%), mixed cellularity (12%), lymphocyte depletion (4%), or unspecified HL (29%). As expected, mixed cellularity cases were more frequent among the elderly. In all, 208 tumors (28%) were classified as EBV-positive and 526 (71%) as EBV-negative; EBV-positive cases were more likely than EBV-negative cases to be male, to be in the youngest or oldest categories of age, and to have mixed cellularity histology.
UVR exposure and HL risk overall and by age and sex
The associations between measures of UVR exposure and HL risk for subjects overall and for subjects stratified by sex and age at diagnosis are presented in Histologic subtypes and tumor EBV status Table 4 presents pooled OR estimates for HL risk according to UVR exposure by the 2 most common histologic subtypes and by tumor EBV status. We found little consistent difference in the associations of UVR exposure with risk of nodular sclerosis vs mixed cellularity HL; inverse associations with the latter were stronger for overall and adult UVR exposure but weaker for childhood UVR exposure and history of sunburn. However, risks differed between EBV-positive and EBV-negative HL. ORs in association with EBVpositive HL were lower and statistically significantly inverse for childhood, adulthood, and overall UVR exposure, with a significant linear trend for overall UVR exposure. Results from case-case comparisons by histologic subtype or tumor EBV status were consistent with those for case-control comparisons, showing an inverse association of childhood UVR exposure with EBV-positive vs EBVnegative HL for those in the highest vs lowest quartile (OR, 0.58; 95% CI, 0.33 to 1.02; other data not shown).
Secondary analyses
No significant interstudy heterogeneity was observed for any measure of UVR exposure (Tables 3 and 4 ). The percentage of variation in ORs attributable to heterogeneity was low (0% to 25%) in most of our analyses and medium (around 50%) when stratifying on EBV status, mainly due to small numbers and uncertainty in individual risk estimates in 1 study (ELCCS). To address the possibility that hospital controls had less sun exposure due to their disease status, we conducted analyses separately for studies with population-based controls and those with hospital controls. The inverse associations between overall or EBV-positive HL and UVR exposure were observed only in population-based studies (data not shown). We explored modification of the effect of UVR exposure by erythemal UVR index levels by analyzing the relationship of overall UVR exposure with HL risk in 3 regions with a homogeneous UVR index but observed no clear relationship (data not shown).
Discussion
Our pooled analysis of 7701 participants from 4 independent casecontrol studies of HL found more than a 20% to 30% reduction of risk of HL associated with several measures of UVR exposure over the lifespan (ie, inverse associations of childhood and adulthood UVR exposure, use of sunlamps, and history of sunburns with HL risk). In addition, this analysis provided evidence for a significant inverse exposure-response trend in the association between UVR exposure and EBV-positive HL risk in particular. Prior research in this area has been scant, and the 3 largest previously published studies were included in this pooled analysis. 11, 13, 14 Among other studies, neither a case-control study in Singapore involving 74 cases and 829 controls 16 nor a prospective cohort study in California female teachers that included 38 HL cases 15 observed a significant association between UVR exposure and HL. A Greek study of 71 childhood HL cases (mostly patients age 10 to 14 years) and 164 controls also found no association of UVR exposure with HL risk. 12 However, all 3 studies had limited statistical power to demonstrate an effect, and all reported some relative risk estimates below 1, consistent with our findings. The Singapore study, which used a questionnaire adapted from the Epilymph study, reported that having an outdoor occupation (OR, 0.76; 95% CI, 0. 39 16 The Californian study reported a nonsignificant inverse association of HL risk with minimum average annual UVR near one's residence (relative risk, 0.86; 95% CI, 0.46 to 1.62), but not with median or maximum average annual UVR. 15 In the Greek study, a nonsignificant inverse association (OR, 0.83; 95% CI, 0.58 to 1.19) was detected with 15 days or more spent annually at seaside resorts. 12 These 3 studies were not included in the present pooled analysis because they were not part of InterLymph at the inception of this project.
Our study is the first to report an inverse association between UVR exposure and EBV-positive HL. The validity of our findings is supported by a significant dose-response relationship and an absence of statistical heterogeneity among studies. Results from case-case comparisons by histologic subtype or tumor EBV status were consistent with those from case-control comparisons. Although information on tumor EBV status was lacking for a proportion of cases, those with EBV information were demographically similar to those without. Because cases classified as EBV-positive were more likely to be male and diagnosed with mixed cellularity HL, our finding of a significant inverse association for EBV-positive HL may explain our observation of a significant inverse association of childhood UVR exposure with HL restricted to males. Due to the limited number of EBV-positive tumors, we were not able to examine associations of UVR exposure with EBV-positive HL stratified simultaneously by age, sex, and histology to better understand these relationships. .
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*Education for Epilymph and SCALE, current socioeconomic status for Engela, and skin pigmentation were included as confounders in the final models. †P trend in ORs. ‡P for heterogeneity among studies. §P , .05. For personal use only. by RAUL RIBEIRO on November 25, 2013. bloodjournal.hematologylibrary.org From This study has several major advantages. As an analysis of pooled data, it includes sufficient numbers of subjects to examine etiologic heterogeneity in risks across subtypes of HL, a relatively rare disease. Our detailed database allowed for adjustment for potential confounding factors across studies, evaluation of interactions, and a robust and complete assessment of selected HL subtypes, which were defined with established laboratory methods. 25, 26 Participation bias may have contributed to our observations if individuals with healthy lifestyles were overrepresented among the controls. However, greater participation of healthier controls might be expected to underestimate UVR exposure in the source population because UVR exposure is known to cause skin cancer, and such a bias would attenuate inverse associations with HL.
Study limitations include the loss of granularity resulting from the data harmonization required of pooled analyses. There was substantial variation across studies in the wording of questions about UVR exposure (except for dichotomized variables). Nevertheless, the information on individual UVR exposure was mostly collected as number of hours daily at a specific age, such that quantifying exposures into the broad categories of quartiles should accurately capture the gradient in UVR exposure. Furthermore, any exposure misclassification should not have been differential between cases and controls. We could neither distinguish occupational from recreational exposure nor evaluate cumulative lifetime UVR exposure or the use of UVR-protective clothing or lotion. However, the lack of clear differences in pooled risk estimates for UVR exposure before and after age 20 years suggests a potential biological effect of UVR on HL development independent of age at exposure, although our data do not rule out a cumulative effect of UVR. Given the large difference in age distributions between cases and controls, we cannot rule out residual confounding by age, although our models were adjusted for age as a continuous variable. However, age-stratified results, which are less likely to be confounded by age within strata, were similar to overall results, suggesting minimal, if any, residual confounding by age.
Given the known health risks for UVR exposure, recall bias might have led to underreporting of UVR exposure among cases. However, this possibility was potentially reduced by the studies' including many questions on other exposures and not emphasizing UVR exposure in the questionnaires, as well as by the lack of a previously known association between UVR exposure and HL risk.
Reverse causality, with an HL diagnosis leading to more time spent indoors, may also have contributed to spurious inverse associations with adulthood UVR exposure. However, the inverse associations with both childhood and adulthood UVR exposure, heterogeneity between risks of EBV-negative and EBV-positive HL (and consistent results from the case-case analysis), which would be expected to have an equivalent impact on reverse causality, and an observed dose-response relationship for EBV-positive HL make this possibility unlikely.
Given the inverse associations of UVR exposure with both HL and NHL development, several biological hypotheses can be considered for our study findings. Until recently, the strongest evidence came from the observation that the induction of vitamin D 3 synthesis in the skin by UVR 27 could have a protective effect against lymphoma development. This hypothetical mechanism is supported by the observation that vitamin D 3 promotes differentiation and inhibits proliferation of lymphoma cells in vitro, 28 and by the strong expression of the vitamin D receptor on HL tumor cells. 29 However, a pooled analysis of 10 cohort studies found no association between prediagnostic serum 25-hydroxyvitamin D levels and risk of NHL or its major histologic subtypes. 30 Two other plausible pathways could explain a protective effect of UVR on HL. First, the immune system could be modulated by UVR induction of regulatory T cells, 31 which are critical to inhibiting inflammation. 32, 33 In HL, the tumor microenvironment, which represents 99% of the tumor, comprises reactive cells that help maintain an inflammatory milieu, 34 and individual traits affect the tumor microenvironment in HL. 35 UVR appears to induce regulatory T cells through antigen presentation by UVR-damaged Langerhans cells in the lymph nodes 36 leading to an immunosuppressed state that may be protective, as suggested by the inverse association observed between the use of aspirin and HL risk. [37] [38] [39] Second, the cellular DNA damage response activated by viral oncogenes such as those associated with EBV 40 could cause tumor suppression by effector T cells when enhanced by UVR exposure, 41 which is known to induce multiple defense mechanisms to counterbalance its potential mutagenic and cytotoxic effects. 42 The DNA damage response acts as an innate barrier to tumorigenesis, 43 whereas a disordered response may lead to lymphomas, including EBV-associated lymphoma. 44 Further research is clearly needed to explore these speculative mechanisms.
In conclusion, this analysis of HL risk across contemporaneous European case-control studies found UVR exposure to be inversely associated with HL risk overall. The stronger associations for EBVpositive HL, with a clear dose-response relationship, further support etiologic heterogeneity in HL. A clearer understanding of biological pathways related to UVR exposure could illuminate the pathogenesis of HL and facilitate the development of new targets to enhance the DNA damage response or regulatory T-cell activity for the purpose of reducing the occurrence of HL and other malignancies.
